Introduction
to be transferred to the oocyte [5] . In addition, signals that regulate meiotic maturation of fully grown oocytes (including Ca 2ϩ and cAMP) are thought to pass through the oocyte-granulosa cell gap junctions [6, 7] . Recent findings from gene expression studies in several species and gene targeting in mice have implicated gap junctional intercellular communication in follicular development and have suggested its involvement in female infertility [8] .
Multiple connexins have been identified in ovarian follicles in several species [8] [9] [10] [11] . In contrast, Cx37 is the connexin that forms the gap junctions coupling the oocyte with surrounding granulosa cells. Loss of this connexin abolishes oocyte-granulosa cell coupling resulting in oocyte loss and premature luteinization of the follicles [12] . Therefore [13, 14] 
, analysis of mouse connexin knockouts has clearly shown that impairment of gap junctional coupling within the developing follicle is associated with diminished oocyte quality. Whether connexins play such an important role in human oogenesis remains unknown. As a first step in answering this question, we sought to determine which connexins contribute to gap junctional coupling in human cumulus cells. To date, other than Cx43 and the mRNAs encoding Cx37 and Cx45

, the connexins in human follicles have not been identified. We then went on to study the localization of connexins in human cumulus cells to determine which connexin(s) is the predominant one for contributing to gap junctions. Having identified a promising candidate, we tested the hypothesis that clinical outcome from in vitro fertilization (IVF) is related to the level of expression of this connexin and to the extent of gap junctional coupling among the cumulus cells.
Materials and methods
Patients
RT-PCR
Gap junctional conductance measurement
Single-electrode whole cell patch-clamp recording was used to measure cumulus cell membrane capacitance and gap junctional conductance as described [11] . (Fig. 3) .
Statistical analysis
Quantification of Cx43
Cx43 was detected in all 81 samples tested. A representative Western blot is shown as Fig. 4A . (Fig. 4B) . Fig. 6A (Fig. 6D ).
The relative amount of Cx43 protein was determined by reference to two internal controls, vimentin and GAPDH, revealing variation in Cx43 expression level between cumulus cells of different patients. The relative Cx43 protein levels determined from the two internal controls were fairly consistent between patients
Quantification of gap junctional conductance
Patch clamp electrophysiology provides a sensitive and quantifiable means of measuring electrical conductance between cells. A 10-mV depolarizing voltage pulse in a voltage-clamped single cumulus cell resulted in a current transient characterized by a rapid onset to reach peak current, followed by a rapid decay to
steady state current that was almost identical to the holding current. The changes in decay time constant and steady-state current in a cluster of interconnected cumulus cells provide a quantitative measure of conductance due to gap junctional coupling of the cells [11]. The estimated conductance was taken as a measure of the total gap junctional conductance between the cells. This conductance varied between patients, although most patients showed conductance above 80 nS (Fig. 5).
Relation between Cx43 and gap junctional conductance
Given that Cx43 was the only connexin detected that formed numerous gap junction-like plaques between the cumulus cells, we sought to determine whether the strength of gap junctional conductance is related to the level of Cx43. In
and B, gap junctional conductance is plotted against the Cx43 level normalized to vimentin and GAPDH, respectively, for each patient. Linear regression analysis revealed a weak but positive influence of Cx43 level on conductance for both plots. Despite the weakness of this influence, gap junctional conductance was significantly greater in cumulus cell samples whose normalized Cx43 level was greater than the mean of all samples (Fig. 6C). Conversely, the normalized level of Cx43 was significantly greater in those cumulus cell samples whose conductance was greater than the mean of all samples
Relation between Cx43 or gap junctional conductance and patient age
Because patient age is an important factor for pregnancy outcome in IVF treatment, we looked for an association between age and Cx43 or conductance level. The results showed that, in our patient population (Table 3 ), neither Cx43 nor conductance level differed significantly between age groups (Fig. 7A and B) . Thus, the mean Fig. 2 (Fig. 7C) . (Fig. 8A and B (Fig. 8C) (Fig. 9B) . [8, 16, 17] . [11] . maximize their proliferative response to GDF9, an oocyte-derived paracrine factor, perhaps by propagating downstream cell growth signals throughout the population [18] . Furthermore, granulosa cells utilize the gap junctional communication pathway to maintain oocyte pH, support its oxidative metabolism and regulate its progression through meiosis [19] [20] [21] [22] .
Relation between Cx43 or gap junctional conductance and clinical data
Since Cx43 level in cumulus cells correlates with gap junctional conductance, and given the demonstrated importance of the latter for folliculogenesis in mutant mice, we explored the possibility that clinical outcome from ICSI is related to Cx43 level. Patients were partitioned into two groups based on whether their cumulus cell Cx43 expression was above or below the mean for all patients
. Pregnancy outcome was then used to partition the 81 patients for which we had determined relative Cx43 level into two groups, and the mean relative intensity of the Cx43 band, normalized to vimentin or GAPDH, for the two groups was compared. Regardless of which
Discussion
Multiple functions have been proposed for the gap junctions that couple the oocyte and surrounding somatic cells within growing and maturing follicles. For example, animal experiments have shown that gap junctions are important for co-ordinating the functions of granulosa cells and for permitting communication of the developing oocyte with the surrounding cumulus cells
Gap junctional coupling among the granulosa cells is required to
Multiple connexins have been identified in ovarian follicles from different mammalian species, including Cx26, Cx32, Cx30.3, Cx37, Cx40, Cx43, Cx45 and Cx60 [8] . In the mouse ovary, Cx43 is very abundant and appears to be the only connexin contributing to the gap junctions between granulosa cells of growing follicles [10, 11] , but Cx37 is restricted to the gap junctions linking cumulus cells with the oocyte [23] . The [24] and can impair follicular growth and development of oocyte meiotic competence [9, 12, 25] . Follicle deficiency and impairment of folliculogenesis are both hallmarks of premature ovarian failure [26] [29] . Furthermore, in mutant mouse models where gap junctional coupling within developing follicles has been genetically ablated, oocyte quality is restricted [9, 12] [29] and is oxidatively metabolized for ATP generation in the oocyte mitochondria [30] . An insufficient flux of pyruvate moving through the cumulus cell layers and into the growing oocyte would result in a reduced supply of ATP to support post-fertilization development, possibly resulting in reduced developmental competence. Indeed, Van Blerkom et al. [31] 
